ABSTRACT Phospholipid behavior in bovine retinal rod outer segment disk membranes and in phosphatidylcholine membranes containing the photopigment rhodopsin is explored. 31P NMR spectra of these systems show two distinguishable resonances. One resembles closely the 31P NMR resonance normally obtained from phospholipid bilayers. The other resonance is much broader. Thus, there appear to be two phospholipid head-group domains in this retinal membrane. Each environment confers different properties on the head groups. Phosphatidylcholine membranes containing the disk photopigment also show two phospholipid domains. Therefore, the environment in the retinal rod outer segment disk membranes characterized by the broad resonance may arise from the influence of the integral membrane protein rhodopsin on the membrane phospholipid bilayer.
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Retinal rod outer segment disk membranes contain the photosensitive pigment rhodopsin, which constitutes -90% of the disk intrinsic membrane protein (1, 2) . The absorption of light by rhodopsin initiates a series of events culminating in an action potential that stimulates visual excitation. Rhodopsin has been suggested to act as a calcium translocator (3) (4) (5) and an enzyme activator. (6) (7) (8) (9) in response to light. Both roles require the: protein to function in the phospholipid-bilayer environment in which rhodopsin is embedded. To explore the interactions between rhodopsin and the lipid bilayer of the intact disk membrane, we have used 31P NMR as a nonperturbing probe of phospholipid head-group behavior. This is an appropriate method, because >90% of the disk membrane lipids are phospholipids (10, 11) .
These studies, which accentuate surface properties, reveal two phospholipid head-group domains that exhibit different motional properties. One domain appears to be under the influence of the integral membrane protein rhodopsin. This represents a direct observation of distinguishable phospholipid headgroup domains in the rod outer segment disk membrane.
MATERIALS AND METHODS
Osmotically intact bovine rod outer segment disks were prepared by established procedures (2) . These preparations exhibit an absorbance ratio (A5wnm/Am0no) of 2.2-2.4 and activate added phosphodiesterase on exposure to light. Rhodopsin was purified in octyl glucoside (Calbiochem) on a concanavalin A affinity column (Pharmacia) as described (12) . Rhodopsin-phosphatidylcholine recombined membranes were formed by the following technique (13 (21) eliminates base-line artifacts so that no first-order phase corrections are needed. A decoupling field of 9 kHz [compared to the 6-kHz static dipolar coupling expected (22)] was used and was gated on only during acquisition to prevent sample heating. Spectral widths of 50 kHz were obtained and each spectrum presented is printed at that full width. We collected 2,048 data points at repetition rates of 1 sec. Spin-spin relaxation, T2, was measured using the Carr-Purcell-Meiboom-Gill pulse sequence; NaDodSO4/polyacrylamide gel electrophoresis was performed on 10% gels as described by Laemmli (23) and as modified by Smith et al. (2) . 7188 The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 Fig. 1A . By reference. to previous work (24) it can be seen that the overall shape of the resonance is consistent with -a phospholipid bilayer. This spectrum was taken in the. absence of calcium and agrees with previous results (26) . [In the presence of calcium, nonbilayer structures can be observed (27, 28) .] Fig. lA shows that, for pure phospholipid dispersions, the resonance returns cleanly to base line. The latter result is consistent with the theory for a single homogeneous phospholipid environment (24) . This resonance shape arises from axial rotation of the phospholipid head groups, which motionally averages the anisotropic chemical shift tensor to a pseudo-axially symmetric one (29) . 7190 Biophysics: Albert and Yeagle in these preparations, so the resonance observed is due to the phospholipid of the membranes. The dominant resonance shape is consistent with a phospholipid bilayer in this biological membrane. Careful examination shows that the line defining the resonance shape does not return fully to base line at the edges of the partially motionally averaged powder pattern.
These results suggest some influence of membrane protein on the resonance shape. To investigate this further requires a higher membrane protein content. Therefore, Fig. 1C presents the 31P NMR spectrum of a recombined membrane made from pure delipidated rhodopsin and egg phosphatidylcholine. The phospholipid/protein molar ratio is 40 1. This is about half the ratio for the native disk membrane.
In this spectrum an unusual shape is observed. The more prominent part of the resonance is similar to that obtained from pure phospholipid dispersions. The remainder of the resonance is much broader.
The nature of these spectra is further delineated by computer-generated spectral simulations as described in Materials and Methods. Experimental T2 values are used. T2 is anisotropic across the powder pattern as reported (30) . An average T2 is used to simplify the calculations, as done previously (30), along with corrections for filtering. Fig. 1G shows the simulation using the T2 (4 msec) for the rod outer segment disks. This simulation. agrees well with most of the resonance in Fig.   1B . Note that the low-field shoulder is not as well defined in the biological membrane compared to the phospholipid dispersion. The simulation shows .that this is largely a consequence of the short T2. T2 for the lipid extract is in excess of 10 msec.
However, the abnormality noted above (that the edges ofthe spectrum do not directly return to base line) is not successfully simulated. A successful simulation can only be obtained by adding a second much broader resonance, as shown in Fig. 1E . The spectrum of the recombined membrane can also only be simulated by adding a second much broader resonance. Here a substantially more intense broad resonance must be used as shown in Fig. iF . Some previouslypublished 31P NMR data for reconstituted cytochrome oxidase membranes show similar features ( figure 2 of ref. 30) . The spectral simulations shown (30), assuming.a single homogeneous phospholipid environment, do not simulate the broad component in -the spectra. To do so, it would be necessary, as shownhere, toadd a second much broader resonance to the resonance already simulated. The intensity of the broad component relative to that of the narrow component increases as the protein content of the membrane increases (30) .
Thus, the experimental data for cytochrome oxidase agree qual-.itatively very well with the data presented here.
A hybrid recombined membrane containing rhodopsin and the Ca2",mg2 ATPase from light sarcoplasmic reticulum provided an experimental system that produced a spectrum consisting almost entirely of the broad component. This provided a model with which to simulate the broad component. The 31P
NMR spectrum of this recombined membrane is shown in Fig.  2A . At the vertical expansion given, virtually no resonance is visible. A pure phospholipid spectrum is shown (Fig. 2B) at the same vertical expansion with the same amount of phospholipid as in Fig. 2A . It.appears that most of the resonance intensity of Fig. 2A is missing. Fig. 2C ,-however, shows that the resonance intensity is present but is spread over 4 times the spectral width. Fig. 2D shows the spectral simulation, with 80% of the intensity in the broad component. Fig. 2E shows the sim- 
DISCUSSION
The spectra reported here consist of two overlapping resonances when rhodopsin is in the membrane. This suggests the presence of two different phospholipid environments in these membranes. The breadth of the broad component is less than expected for a dehydrated immobilized system. and is greater than expected. for a normal phospholipid bilayer. It is not feasible at this time to model a phospholipid head-group conformation to fitthe line shape, given the available data. However, the broad component does appear to represent a phospholipid head-group environment that is motionally restricted compared to the environment of the remainder of the phospholipid in the membrane.
The relative populations of the two environments can be determined. Using both the experimental and simulated data reported here; one obtains in the native membrane -30% of the resonance intensity in the broad component and -70% in the "normal bilayer" component. In the recombined membrane, about m50% of the intensity is in each component. This does not take into consideration any possible inaccuracies due to significant differences in the Ti of the two components. Because of sensitivity limitations, the T1 for the broad component is not available.
It is interesting to compare the population (relative to the total phospholipid content of the membrane) of the environ-'ment characterized by 'the broad component with the membrane protein content. Thenative disk membrane contains about 75 phospholipids per rhodopsin, and 30% of that corresponds to 23 phospholipid head groups per rhodopsin in the environment represented by the broad-spectral component. The recombinant contains about 40 phospholipids per rhodopsin, and 50% of that.corresponds to 20 phospholipid head groups per rhodopsin in the environment represented by the broad spectral component.. Previously, by using an independent technique, it was estimated that 20% of the disk-membrane phospholipid head groups were motionally restricted (31) . Using that same technique on the recombined membrane reported here gives a value of 40% of the recombined membrane phospholipid for the population of the motionally restricted environment. The two.independent approaches therefore agree well (see Table 1 ). These data suggest that the population corre-Proc. Nati. Acad. Sci. USA 80 (1983) sponding to the broad component may be directly proportional to the membrane protein content. More studies are required to establish this.
Electron spin resonance of spin labels has also identified two lipid domains, although on a much shorter time scale, in this membrane (32) . That technique reflects the interior of the membrane, rather than the surface that is measured by 31P NMR. As is shown here with 31P NMR, the electron spin resonance spectra also must be simulated using two separate components, with one much broader than the other. The broad component corresponds to 33-43% of the total lipid of the membrane. Thus, in the native disk membrane there is a small population of phospholipids in which head groups are restricted by the protein, a larger population that feels the influence of the protein on the hydrocarbon tails of the lipids, and an even larger population that is only gently perturbed by the presence of rhodopsin.
Indirect evidence for two phospholipid domains also exists. When the disk membrane amino phospholipids are chemically labeled, some head groups are refractory to modification from either side of the membrane (33) . Phospholipase treatment cannot hydrolyze =10% of the phospholipid in the disk membrane. The unhydrolyzed phospholipid is mostly phosphatidylserine (34) . These data indicate protection by the protein of some of the phospholipids, again suggesting more than one phospholipid domain. Because the 31P NMR spectra show two distinguishable components, exchange of phospholipid phosphates between the two domains must be slow on the millisecond time scale. The chemical treatments may suggest even slower exchange rates for the head groups. As suggested (25) , the rate of movement of hydrocarbon chains may not be similarly restricted.
